Introduction
[2] One of the objectives of the High Resolution Stereo Camera (HRSC) experiment on the European Space Agency (ESA) Mars Express orbiter [Neukum et al., 2004a; Jaumann et al., 2007] is to identify a chronology of major events that formed Martian surface features covering large areas using impact crater statistics [e.g., Hartmann, 1966; Neukum and Wise, 1976] . This includes the timing of eruptions and the formation of major volcanoes, lava flow fields, and pyroclastic deposits. Initial results were presented for the Tharsis and Elysium volcanoes [Neukum et al., 2004b] . Our focus here is on the ''highland paterae'', a group of low-relief volcanoes with unique morphologies located on the margins of the Hellas basin [Peterson, 1978; Schultz, 1984] . Previous work identified the chronology of major events at Hadriaca Patera . The purpose of this paper is to present a geologic history of major events that formed and modified Tyrrhena Patera using crater statistics, based on the previous geologic mapping of Gregg et al. [1998] .
Background
[3] Martian highland paterae are thought to be among the oldest central-vent volcanoes on Mars [Scott and Carr, 1978] . These volcanoes have shallow, central caldera complexes on low-relief, deeply dissected slopes exhibiting radial ridges and channels [Plescia and Saunders, 1979; Greeley and Spudis, 1981] . The main edifices of Hadriaca and Tyrrhena Paterae contain few primary lava flow features; along with the nature of their eroded flanks, this suggests that they are composed of friable deposits, most likely formed by gravity-driven pyroclastic flows [Greeley and Spudis, 1981; Crown and Greeley, 1993] . Results from recent modeling of pyroclastic flow emplacement [Greeley and Crown, 1990; Crown and Greeley, 1993; Gregg and Crown, 2004; Gregg and Farley, 2006] and geologic mapping [Greeley and Crown, 1990; Crown and Greeley, 2007] support this hypothesis.
[4] Using Viking Orbiter images, Gregg et al. [1998] produced a geologic map of the summit region of Tyrrhena Patera volcano. They defined and characterized eleven material units related to various volcanic, gradational, and impact crater materials. Here, we use HRSC images to examine six of these units for cratering age assessment. Figure 1 shows a Thermal Emission Imaging System (THEMIS: Christensen et al. [2004] ) mosaic of the Tyrrhena Patera region (spatial resolution 100 m/pixel), including a simplified sketch map of the unit contact boundaries from the map of Gregg et al. [1998] for the six units of interest, relative to the HRSC imaging coverage on which the crater counts were performed. [Oberst et al., 2008] . Later HRSC coverage on orbits 4195, 4206, and 4217 include a series of full-resolution stereo observations (spatial resolutions of 12-13, 13-14, and 13 -15 m/pixel, respectively) that are repeat coverage of earlier imaging.
HRSC Imaging

Crater Counting Methodology
[6] A film transparency with the six units identified (Figure 2 ) was produced from the HRSC data and examined by one of us (SCW) under a Zeiss PSK-2 stereo comparator. Crater diameters were measured and partitioned into size bins based on standard practices [e.g., Crater Analysis Techniques Working Group, 1979] . The binned data were processed to obtain cumulative crater size-frequency (SF) distributions with corresponding statistical errors [e.g., Hartmann, 1966; Neukum and Wise, 1976; Neukum and Hiller, 1981; Neukum, 1983] . Cratering model ages were obtained by fitting the crater production function [Hartmann and Neukum, 2001 ] to the distributions using a non-linear least-squares fitting procedure (following Marquardt [1963] and Levenberg [1944] ), and referring the cumulative crater Figure 1 . THEMIS daytime-infrared mosaic of the Tyrrhena Patera region (spatial resolution 100 m/pixel). The solid black boundary marks the approximate region of the geologic map of Gregg et al. [1998] (their map has additional coverage to the north and east), inside which is a simplified sketch map of the unit contact boundaries (solid white lines) from their map for the six units of interest in this study (labeled). The areas with solid white boundaries and solid black fill are regions of unit Nsl. The dashed black boundary marks the HRSC imaging coverage on which the new crater counts were performed, and the dashed white lines mark extension of the map units of Gregg et al. [1998] for crater counting (cf., Figure 2 ). density at the reference diameter of 1 km to an established cratering chronology model for Mars [Neukum, 1983; Hartmann and Neukum, 2001; Ivanov, 2001] .
[7] The model by Neukum [1983] was extrapolated from the lunar model, in which crater frequencies are correlated with radiometric ages from Apollo samples. The lunar model was adjusted for the different orbital parameters, crater scaling, and impact flux for Mars relative to the Moon. The transfer of the lunar cratering chronology model to Mars results in a typical uncertainty in cratering model ages by a factor of 2 for ages <3.5 Ga (in the constant flux range), whereas the uncertainty is about ±100 Ma for ages >3.5 Ga [Hartmann and Neukum, 2001] . However, testing and application of these techniques shows that the applied Martian cratering chronology model results in ages for basin formation and volcanic surfaces that are in good agreement with Martian meteorite crystallization ages with respect to ''peak'' activity periods . This suggests that the model is correct within an uncertainty of less than 20% [Werner, 2005] . Furthermore, all crater sizes were measured by a single technician in a single image/region, thus ensuring that any difference in the measured crater frequencies indicates an absolute age difference, with a much smaller error range than implied by the chronology model. Therefore the errors are reduced to the statistical error inherent in our measurements, leading to an error roughly of ±100 Ma. Specific 1-sigma standard deviation (SD) error bars for each cratering model age are included in Table 1 and Figure 3. [8] In recent years there has been an ongoing discussion [Hartmann, 2005] about the use of small craters in cratering statistics; specifically, whether it is appropriate to count craters 300 m diameter because they might be distant secondary craters rather than primary craters [McEwen et Figure 2 . Crater count areas and cratering model ages obtained for Tyrrhena Patera using the techniques described in the study of Hartmann and Neukum [2001] . Base map is HRSC image h04400_0000.nd3 with a resolution of 36 m/pixel. Colors delineate different count areas. Filled white and dashed white regions are uncounted. See Table 1 and Figures 3 and 4 for additional information on crater statistics. Recently Malin et al. [2006] estimated the current Martian cratering rate, based on changes observed in MOC images over a seven year period, and they found that the models that scale lunar cratering rates to Mars are consistent with the observed Martian cratering rate [Hartmann, 2007; Hartmann et al., 2008] .
[9] The crater SF data for complex surfaces typically require multiple curve fits, because of one or more slope breaks in the size-frequency distribution curve [e.g., Neukum and Hiller, 1981; Werner, 2005] . These kinks are interpreted to represent changes in the crater distribution due to the emplacement of new material (e.g., covering by new volcanic flows or aeolian deposits) or the degradation of existing material (e.g., by fluvial or aeolian erosion). Thus a calculated model age may mark the end of a period of significant resurfacing, caused by erosion or deposition.
[10] New piece-wise fitting methods yield a refined cratering model age to identify the end of resurfacing. The procedure involves fitting the known crater production function to an interval of the crater size range (D min , D max ) that is interpreted to represent the accumulation of craters since the resurfacing event. Typically, this is seen as a portion of the cumulative frequency curve that is of constant gradient, but slightly shallower than the production function. The change of gradient is caused by the excess contribution of the larger and older craters whose presence was either less affected, or entirely unaffected, by the resurfacing event. If left uncorrected, that contribution produces an overestimate of the age of the resurfacing event. It is possible to exclude the craters of diameter above D max from the counts [Neukum and Hiller, 1981] , but this leads to the opposite effect: the gradient becomes steeper than the production function because of the absence of the contribution from larger craters formed after the resurfacing event, and thus the derived age becomes an underestimate.
[11] The known production function describes the num- production function, and thus obtain the absolute value of N(D max ) ( Table 2 ). This value describes the population of craters larger than D max that would be consistent with the observed population within the interval (D min , D max ) [Michael and Neukum, 2007; Michael and Neukum, in preparation] . In cases where additional resurfacing processes took place, the correction has to be repeated at the next cutoff diameter [Werner, 2005] . This procedure was used to determine all of the resurfacing ages given in Table 1 and Figure 3 , where the adjusted portion of the crater distribution is indicated by solid triangle symbols.
Results
[12] We assessed the ages for the upper summit, lower summit, and basal shield materials, caldera rille floor materials, channel-floor materials, and adjacent Hesperian etched plains materials. Figure 2 shows the crater count regions and resulting cratering model ages (compare with Figure 1 ), Figure 3 shows the cumulative crater SF plots for each unit, and Tables 1 and 2 contain the numerical results for total craters counted, N(1) retention ages, cratering model ages, and corresponding error bars. Figure 4 shows the cratering model ages with 1-sigma error bars in a graphical format relative to the Martian geologic timescale. We now report the results of the cratering statistics for each of the six units.
Upper Summit Shield Materials (Unit Nsu)
[13] Description: This unit is smooth (at the 50 m/pixel scale) and continuous, forming isolated mesas surrounded by lower summit and basal shield materials [Gregg et al., 1998 ]. It contains steep, amphitheater-shaped scarps facing away from the summit, forming the headwalls of wide, flatfloored channels oriented radial to the summit. It also contains crater chains, arcuate graben, radial (to the summit) mare-type ridges and concentric narrow arcuate ridges, but lacks fully developed, flat-floored, steep-walled channels [Gregg et al., 1998] . Interpretation: This unit is likely pyroclastic flow deposits erupted from Tyrrhena Patera, in which the pit crater chains and arcuate graben mark the collapse zone around the summit produced by magma withdrawal or eruption [Gregg et al., 1998 ]. Greeley and Crown [1990] also suggested that lava flows, now buried by aeolian materials, may cap the summit region. Age Assessment: Our crater count results show kinks in the sizefrequency curve indicative of multiple resurfacing events, in which ''resurfacing'' can be caused by deposition of new material and/or erosion of the existing material (Figure 3a) . For unit Nsu we find a formation age of 4.0 Ga, with two distinct resurfacing events at 3.7 Ga and 0.8 Ga.
Lower Summit Shield Materials (Unit Nsl)
[14] Description: This unit is a discontinuous, smooth to locally hummocky surface, with isolated steep-sided mesas and spurs surrounded by basal shield materials [Gregg et al., 1998 ]. It also contains relatively narrow (<500 m wide), V-shaped, slightly sinuous channels, and it is defined in part by steep to shallow scarps facing away from the summit [Gregg et al., 1998] . Interpretation: This unit is pyroclastic deposits erupted from Tyrrhena Patera that are more modified by erosional activity than unit Nsu, perhaps by groundwater sapping (based on scarp distribution and morphology) [Gregg et al., 1998 ]. Age Assessment: We obtained a cratering model age of 3.4 Ga, (which, as we discuss later, cannot be a formation age, based on the ages of stratigraphically higher and lower units, but rather a resurfacing age), with another resurfacing age of 1.9 Ga for this unit (Figure 3b ).
Basal Shield Materials (Unit Ns)
[15] Description: This unit has a smooth surface, discontinuous around the overlying units up to $200 km from the summit, that is heavily dissected by $5 km wide, flatfloored channels [Gregg et al., 1998 ]. It occurs as isolated, steep-sided mesas surrounded by channel floor materials or plains materials, or as the floors of some broad channels [Gregg et al., 1998 ]. It contains steep scarps that often contain two or more slope breaks, which they used to help define unit boundaries. Interpretation: This unit is pyroclastic deposits from Tyrrhena Patera, heavily modified by groundwater sapping, with local morphologic variations resulting from differential erosion or separate eruptive events [Gregg et al., 1998 ]. Age Assessment: We found a cratering model formation age of 3.8 Ga for unit Ns (= Ns 1 + Ns 2 : see below), with resurfacing ages of 3.3 Ga and 1.2 Ga (Figure 3c ). However, in Viking Orbiter-based regional mapping, Greeley and Crown [1990] divided this region into basal shield materials and a smooth plains unit interpreted to be either a facies of the surrounding ridged plains or a volcanic unit at the base of Tyrrhena Patera. Our analysis of the HRSC image (Figure 2 ) also suggests that the southern part of unit Ns (labeled Ns 1 in Figure 2 ) has a less channeled morphology than the northern part (labeled Ns 2 , and sepa- Figure 5 . HiRISE image PSP_001674_1610 of the etched plains material (unit He) of Gregg et al. [1998] . Small linear duneforms are scattered across a cratered and pitted surface. The provenance of this surface has been difficult to determine given subsequent modification, although recent work suggests that it is composed of thin lava flows originating NE of the Tyrrhena Patera edifice in Hesperia Planum (T. K. P. Gregg, personal communication, 2008) . Scale bars is 500 m. Image courtesy of HiRISE Team. rated by a green dashed line in Figure 2 ), perhaps indicative of differential erosion on parts of this unit.
Caldera Rille Floor (Unit AHrf)
[16] Description: The rille-like caldera floor of Tyrrhena Patera is the smoothest, least cratered part of the volcano in Viking, THEMIS, and HRSC images, and crosscuts the other units of the volcano. Interpretation: This unit is interpreted as late-stage lava flows that feed a large ($1000 km by $200 km) lava flow field southwest of the volcano outside the map area [Greeley and Crown, 1990; Crown et al., 1991; Gregg et al., 1998 ]. Age Assessment: The entire central caldera rille was counted as a single unit, because there are no apparent variations in crater abundance or morphology to suggest multiple units. Our crater counts (Figure 3d ) indicate that the caldera rille has a formation age of 3.2 Ga, with later resurfacing at 0.8 Ga.
Channel Floor Materials (Unit AHcf)
[17] Description: This unit has a mottled surface locally cut by shallow, narrow (<500 m wide), V-shaped channels within wider ($5 km), steep-walled, flat-floored channels that dissect the shield materials [Gregg et al., 1998] . Interpretation: This unit is reworked summit and basal shield materials, which were transported and deposited by fluvial and mass wasting processes [Gregg et al., 1998 ]. Age Assessment: The HRSC images show this unit to be a lower albedo region of eroded plains (Figure 2 ). We obtained a cratering model age of 3.2 Ga, with a resurfacing age of 0.8 Ga (Figure 3e ).
Etched Plains Materials (Unit He)
[18] Description: This unit is a broad, flat, mottled plains generally lacking in mare-type ridges, but with shallow, cuspate scarps in between and parallel to the ridges. In some locations smooth deposits appear to mantle the ridges. It embays the basal shield material west of the summit of Tyrrhena Patera [Gregg et al., 1998] . Interpretation: This unit is either thin lava flows or pyroclastic material, with the mantling deposits coming from reworked shield material [Gregg et al., 1998 ]. Age Assessment: We obtained a cratering model age of 1.3 Ga for this unit (Figure 3f ), indicating it formed in the Amazonian rather than the Hesperian Period. This is the only significant discrepancy with the stratigraphy of map units from Gregg et al. [1998] . Greeley and Crown [1990] included this region in their smooth plains unit, with several potential origins and a likely Hesperian age.
Discussion and Interpretations
[19] Our cratering model age dates indicate that significant geologic activity on Tyrrhena Patera continued throughout much of Martian history, well into the Amazonian Period. To a first order, our results are consistent with the mapping of Gregg et al. [1998] . Only unit He, the etched plains material NW of the volcano, was mapped as Hesperian but has a Amazonian model age. Other studies have had difficulty in identifying the provenance of this unit ( Figure 5) ; recent examination of THEMIS images suggests that unit He is actually composed of thin lobate lava flows that originated somewhere to the NE of the Tyrrhena Patera edifice, and that these flows embay all other units in the map area (T.K.P. Gregg, personal communication, 2008 ). This result is consistent with the crater statistics shown here.
[20] Cross-comparison of our results (Figures 2 -4 and Table 1) shows that there are essentially three key intervals of major activity at Tyrrhena Patera: (1) formation of the volcanic edifice in the Noachian Period, $3.7 -4.0 Ga; (2) modification of the edifice and formation of the caldera Figure 6 . HiRISE image TRA_000869_1605 of the basal shield material (unit Ns) of Gregg et al. [1998] . This region is on top of the ''E''-shaped mesa north of Tyrrhena Patera. There is a relative dearth of small duneforms superposed on a rough (at the tens of meters scale) and pitted surface. This unit was mapped by Gregg et al. [1998] as pyroclastic flow deposits that make up the base of the Tyrrhena Patera volcano. Scale bars is 500 m. Image courtesy of HiRISE Team.
rille and channel floors in the Hesperian Period, $3.2-3.7 Ga (although error bars suggest activity could have occurred much later in Martian history); and (3) a final stage of modification in the Late Amazonian Epoch, $0.8 -1.4 Ga. Further analysis of our results provides insight into the multiple stages of geologic activity associated with Tyrrhena Patera, including consideration of the type of process or processes that were responsible for modification of the ancient flanks of the volcano. Understanding the geologic record of Tyrrhena Patera in the Amazonian Period has particular importance for constraining the longevity, magnitude, and styles of volcanism in the region as well as its volatile history. The following sections examine specific issues that have arisen from examination of the cratering model ages:
[21] 1. Stratigraphy vs. Age: Shield units: Previous studies have suggested Tyrrhena Patera is constructed of multiple pyroclastic flow deposits, which are easier to erode than lava flows [Greeley and Crown, 1990; Crown et al., 1992] . The law of superposition says that the oldest units occur on the bottom of a stratigraphic sequence, and get progressively younger with elevation. In the case of the map units by Gregg et al. [1998] , the basal shield material (unit Ns, Figure 6 ) is the oldest, followed by the Lower summit shield material (unit Nsl, Figure 7) , with the Upper summit shield material (unit Nsu, Figure 8 ) being the stratigraphically youngest. Yet our cratering model ages of formation for these units are 3.8 Ga (Ns), 3.4 Ga (Nsl), and 4.0 Ga (Nsu). Why does this discrepancy occur? First, further study of the cumulative SF distribution of unit Nsl has identified unusual behavior; at around 500m the curve dips beneath the isochron relative to the curve both above and below this diameter. For this reason, the slope is steeper than the isochron in the section we measured previously, and the resurfacing correction therefore produces an older age (because N(D*) must be increased to match the slope). Recall that unit Nsl is composed of several small patches of the exposure based on the map of Gregg et al. (Figures 1, 2) , and that the 3.4 Ga age has a rather large 1-sigma error bar (2.6-3.6 Ga). We suggest that these complexities are a result of crater counting on a selection of separate areas from different locations around Tyrrhena Patera that have actually experienced different erosional histories, and thus our crater statistics are the result of a mixture effect from these units with different histories. Our oldest measurable age of Nsl of 3.4 Ga thus cannot be a true formation age. We suggest that caution should be utilized when considering these unit Nsl age estimates.
[22] Second, when one considers the 1-sigma standard deviation error bar on the stratigraphically-lower unit Ns (3.7-3.9 Ga), we find that this unit has a similar age to the stratigraphically-higher unit Nsu (including its 1-sigma standard deviation error bar: 3.9-4.0 Ga). Thus we suggest both units Ns and Nsu likely formed somewhere $3.7-4.0 Ga. It is important to remember that these error bars are not hard limits. One cannot say that the true age must lie within these 1-sigma bars but, more precisely, that there is a 68% probability that they do (at least, with regard to the statistical errors that the bars are showing). There is 97.5% probability that the value lies within 2 SD and 99.7% within 3 SD. Thus we suggest that the most useful age constraints that can be reported from these results is that the Figure 7 . A segment of HiRISE image PSP_004575_1595 covering a section (between white arrows) of the lower shield material (unit Nsl) of Gregg et al. [1998] . This region is located on the east side of Tyrrhena Patera and was not counted in our study. Although the quality of this HiRISE image is poor, the surface is cratered and pitted and contains linear duneforms, trending ENE, consistent with the Hellas regional winds, much like the other shield units. This unit was mapped by Gregg et al. [1998] as pyroclastic flow deposits that make up the lower parts of the Tyrrhena Patera volcano. Scale bars is 1000 m. Image courtesy of HiRISE Team.
Tyrrhena Patera edifice (units Ns, Nsl, Nsu) was built by multiple explosive eruptions within a few hundred million year period between $3.7-4.0 Ga, after the formation of the Hellas impact basin (4.0 Ga [Werner and Neukum, 2003; Werner, 2005] ). These results confirm the extreme age of the Tyrrhena edifice [see also Crown et al., 2005] , dating back to the Noachian Period (and consistent within uncertainties with the formation of Hadriaca Patera: 3.9 Ga ). Additionally, we suggest that the 3.7 Ga age of unit Nsu may represent either resurfacing by additional volcanic eruptions at the Hesperian-Noachian boundary that likely included pyroclastic flows that continued to build the Tyrrhena Patera volcano, and/or represent resurfacing by erosional modification of the Noachian edifice [Greeley and Crown, 1990; Crown and Greeley, 1993] . If one interprets the Hesperian cratering model ages as evidence of erosion and recognizes the mixture of old and young surfaces on the units defined, then we note that an oldest erosional age of 3.7 Ga is associated with the least dissected of the Tyrrhena Patera map units (i.e., unit Nsu shows an older resurfacing age relative to Nsl and Ns). This point thus could be considered as evidence in support of an erosional interpretation of the resurfacing ages.
[23] 2. Stratigraphy vs. Age: Caldera and Channel units: In the map of Gregg et al. [1998] , the caldera rille material (unit AHrf: Figure 9 ) and the channel floor material (unit AHcf) cross-cut the other units, such that their formation ages (3.2 Ga +0.4, À2.1 Ga) must be younger than the formation ages of the shield units (3.7-4.0 Ga). This is consistent with our results. However, we find evidence in the crater SF distributions for resurfacing events on unit Nsl at 1.9 Ga and on unit Ns at 1.2 Ga that are not reflected in units AHrf and AHcf. One might expect a resurfacing event to affect all the units around the volcano at the same time, not just some units but not others (except for indurated materials, which might be less affected by an erosional event). Discounting the unit Nsl data because of the complexities discussed earlier, we must ask why does this apparent discrepancy with unit Ns occur?
[24] First, we must be clear regarding our meaning of ''resurfacing event''. A resurfacing event is a geologic process(es) that removes a portion of the crater population in a given size range. These process(es) all involve some form of material transport, with both erosional and depositional components, either of which can erase cratered surfaces: for example, volcanic eruptions (emplacing lava flows or pyroclastic deposits), catastrophic floods that cut channels or deposit sediment, dust storms that scour a surface or bury craters, etc. Discrete events (like a volcanic eruption or catastrophic flood) should produce a sharp kink in a SF distribution. A rapid event removes the small end of the distribution with a very distinct boundary, i.e., a sharp kink in the SF curve. As the impact population builds up again on the new surface, this sharp kink remains. However, if the resurfacing process is a slower one, e.g., the erosion of high-relief features, the effect is to more quickly remove the population at the small end of the distribution but more slowly in the mid-range, producing a gentle drop-off. If this erosional period ceases, and the population builds up again, the resulting curve shows a gentler transition between the formation and resurfacing periods. Also, it is likely that in early-to mid-Martian history, multiple processes could be operating simultaneously: for example, an erupting magma body inside Tyrrhena Patera could conduct heat through the upper layers of the volcano that would melt any ice accumulation on the flanks, potentially triggering cata- Figure 8 . HiRISE image PSP_003652_1585 of the upper shield material (unit Nsu) of Gregg et al. [1998] . This region is located just east of the summit caldera and west of the concentric curvilinear fracture. At full HiRISE resolution (30 cm/pixel), the surface is covered by linear duneforms, trending ENE, consistent with the Hellas regional winds. This unit was mapped by Gregg et al. [1998] as pyroclastic flow deposits that make up the summit of the Tyrrhena Patera volcano. Scale bars is 500 m. Image courtesy of HiRISE Team. strophic flooding and channel formation [cf., Fassett and Head, 2006] .
[25] Second, it is important (and perhaps key) to remember that the Tyrrhena Patera edifice is thought to be composed of multi-layered, differentially welded and compacted ignimbrite deposits. Welded ignimbrites could exhibit zones with a wide range in physical properties and resistance to erosion [Schmincke, 2004] , some behaving like solid igneous rocks and others like unconsolidated airfall deposits. Variation in the degrees of induration and welding of different pyroclastic layers composing the Tyrrhena Patera edifice would enable differential erosion of these layers by most types of processes. We suggest that the 1.2 Ga resurfacing event on unit Ns could be a result of differential erosion of pyroclastic layers with different degrees of induration and welding, which could explain Figure 9 . HiRISE image PSP_004074_1580 of the caldera rille floor material (unit AHrf) of Gregg et al. [1998] . This region is located along the western wall of the NW-trending elliptical depression that is a wide spot in the rille, downstream from the summit caldera. At full HiRISE resolution (30 cm/pixel), the surface of the rille floor is covered by linear duneforms, trending ENE, as found on the summit. However, approaching the rille's western wall, the surface become increasingly rocky, containing meter-scale boulders that have eroded out of the rille wall. We observed no unequivocal layering in this part of the rille wall. Although this unit was mapped by Gregg et al. [1998] as late-stage lava flows from the summit of the Tyrrhena Patera volcano, we observe no evidence of lava flow margins on the rille floor. If they exist, they have been buried by material deposited by subsequent aeolian activity. The chain of filled pits at lower right of the image is, however, reminiscent of crater chains marking the location of a lava tube [e.g., Greeley, 1971] or alternatively a chain of secondary impact craters. Scale bars is 500 m. Image courtesy of HiRISE Team.
why unit Ns was affected but not any of the other edificebuilding units. As to the erosion mechanism, the northern part of unit Ns has a channeled topography in the THEMIS mosaic (Figure 1 ) and the HRSC image (Figure 2 ) consistent with fluvial erosion, which suggests that fluvial erosion is a likely but not a definitive candidate. The greater local slopes associated with areas of concentrated channeling might extend erosion of the flank materials from the Hesperian to the Amazonian in select localities. The HRSC color image (Figure 10 ) also shows a dark material in topographic lows, such as channel floors and outwash plains. This dark material, wherever it has been studied with the HRSC color data, has a spectral signature consistent with basaltic material [McCord et al., 2007] . We suggest that this material is basaltic sand and dust deposited in topographic lows by aeolian or fluvial processes, perhaps eroded out of the Tyrrhena Patera edifice. The Hesperian to Early Amazonian formation age for unit AHrf is consistent with the Late Hesperian to Early Amazonian ages derived for the lava flow field extending to the SW from Tyrrhena Patera's flank [Crown et al., 1992; Mest and Crown, 2001 ], indicative of long-lived volcanic activity at Tyrrhena Patera and for a transition from dominantly explosive to dominantly effusive eruptions.
[26] 3. Nature of the 0.8 Ga Resurfacing Event: The youngest measurable cratering model age on the Tyrrhena Patera volcano is a resurfacing age that occurs on three units: the upper shield Nsu (Figure 8 ), the caldera rille AHrf (Figure 9 ), and the channel floor AHcf. What kind of geologic event(s) could affect these three units but not others? The event would have to resurface the upper shield in all directions, as well as the caldera rille, but also cause resurfacing in the channels that then feed the channel floors north of unit Ns. For all three units with the 0.8 Ga age, the craters that were removed (and reaccumulated after the event) are in the 200-500 m diameter range. Using the following equations from Garvin et al. in which d is crater depth (m), D is crater diameter (m), and h is crater rim height (m), we find that the resurfacing event needed to obliterate craters with these diameters had to fill the craters to depths of $20-50 meters, or erode craters with rim heights of 5 -12 meters. We note that the surface of these units look extensively modified by aeolian activity (i.e., containing extensive dune fields, subdued topography, etc.); thus, some combination of infilling and erosion of crater rims could explain this cratering model age.
[27] Available HiRISE images of Tyrrhena Patera (Figures 5 -9) show scattered dune fields and dust over cratered and pitted terrain, and individual layers in the walls of scarps have not yet been clearly resolved. We suggest that the simplest explanation is that an erosional event occurred at 0.8 Ga. As discussed above, units Nsu, AHrf, and AHcf are relatively flatter surfaces compared to the other Tyrrhena Patera units, such that preferential (aeolian?) erosion could have removed or obscured craters in the 200 -500 m diameter range. Alternatively, an explosive volcanic eruption, centered on the caldera, could have occurred at Tyrrhena Patera $0.8 Ga, in which column collapse triggered pyroclastic flows that spread relatively evenly across the shield. Simultaneously or shortly thereafter, the eruption Figure 10 . HRSC R-G-B color imaged (stretched) of Tyrrhena Patera volcano, produced using the red, green, and blue channels of orbit 440 data at 144 m/pixel. Note the channel floors contain a lower albedo material, which we suggest is basaltic volcanic fragments, perhaps with coarser particle sizes exposed by fluvial erosion or concentrated by aeolian removal of fines. This interpretation is consistent with studies of similar exposures of dark material observed in HRSC color data [McCord et al., 2007] .
could have enabled melting of any ice on the flanks, or triggered the release of groundwater in the volcano, that would have flowed down the existing caldera rille and channels, perhaps eroding underlying material or depositing lahars (mud flows). Nevertheless, whether aeolian, volcanic, and/or fluvial activity caused the 0.8 Ga resurfacing event, high-resolution images show that the present surface of Tyrrhena Patera (Figures 5 -9 ) has been modified by latestage, differential aeolian erosion and deposition that has clearly been operating over the last billion years of Martian history [see also Williams et al., 2007] , and masked any evidence of lava flow margins in the caldera rille and finescale layering in scarp walls.
[28] If the 800 Ma age of the caldera rille floor and upper shield units marks the final stage of volcanism at Tyrrhena Patera, then this result has implications for the longevity of the magma sources in the Hellas region. None of the other highland paterae in the Circum-Hellas Volcanic Province Williams et al., 2008] has evidence of volcanic activity this late in Martian history (e.g., there is no evidence for major geologic activity at Hadriaca Patera later than $1.5 Ga .) Regardless, volcanic activity at the highland paterae ended long before volcanism in the Tharsis region, in which the Tharsis volcanoes experienced effusive volcanic activity as recently as $100 -300 Ma [Neukum et al., 2004b] .
[29] There are still unanswered questions regarding the geologic activity at Tyrrhena Patera. Future studies should utilize new data sets such as the MEX OMEGA and MRO CRISM spectrometers to investigate the compositions of materials on and around Tyrrhena Patera, MEX MARSIS and MRO SHARAD to image subsurface layers, and more extensive targeting of the MRO HiRISE camera should attempt high-resolution imaging of scarps on the shield flanks to assess the presence of, morphology, and thickness of potential layers. These observations could provide insight into the nature of individual eruption events and the role of hypothesized pyroclastic flows. However, it may require in situ measurements by robotic rovers to detect lava flows or individual pyroclastic layers to understand better the volcanic activity at Tyrrhena Patera.
Conclusions
[30] We assessed the geologic history of the Tyrrhena Patera volcano using crater counts on Mars Express HRSC images to determine cratering model ages for the material units defined in the Viking Orbiter-based geologic mapping of Gregg et al. [1998] . Our cratering model ages are generally consistent with their stratigraphy. Three intervals of major activity at Tyrrhena Patera have been identified: (1) formation of the volcanic edifice in the Noachian Period, $3.7 -4.0 Ga, after the Hellas impact ($4 Ga) and coincident with the formation of Hadriaca Patera ($3.9 Ga); (2) modification of the edifice and formation of the caldera rille and channels in the Hesperian Period; and (3) a final stage of modification in the Late Amazonian Epoch, $0.8-1.4 Ga. The early-to mid-Hesperian activity on Tyrrhena Patera is coincident with similar activity on Hadriaca Patera at $3.3-3.7 Ga. The youngest event on Tyrrhena Patera is modification on the upper shield, caldera rille, and channel floors at $800 Ma. We speculate that a widespread process(es) is responsible for the coincidence of resurfacing in the three units. The most reasonable explanation is preferential (aeolian?) erosion of small craters on these flatter surfaces relative to the other units, or alternatively, some combination of pyroclastic flow emplacement on the upper shield and fluvial activity in the caldera rille and channels, followed by differential aeolian erosion and deposition, resulted the present surface. Unlike the Tharsis shields, major geologic resurfacing ended at Tyrrhena Patera nearly a billion years ago.
